Abstract: Optical data storage is being investigated for use in enterprise archival data storage due to its stability, low energy consumption and low total cost of ownership. Here we present results on a method for manufacturing optical discs with dozens of writable layers using polymer coextrusion. This can greatly increase the capacity with low fabrication cost. Data are written by modulating the uorescence of an organic dye, and exhibits a threshold dependence on the laser power, allowing the bits to be welllocalized in the intended layers. This is a result of the heat generated from the absorbed laser power, and is realizable with a continuous wave laser. We also discuss the lifetime and photostability of the dyes. These combined results promise a media that is lower in cost and higher in capacity than current commercial options.
Introduction
Commercial optical data storage (ODS) technologies such as Blu-ray™have found wide dispersal into consumer markets, primarily for use in media distribution and data backup. ODS technologies are attractive as archival media due to their stability, low energy consumption and low total cost of ownership, but their reduced capacity compared to solid state or magnetic disk hard drives, and accordingly high upfront media costs, has slowed their us-age for enterprise archiving. The capacity is limited by the two-dimensional form factor and fundamental optical restrictions to the writing beam spot size [1] .
One proposed method for increasing the capacity of ODS technologies is by storing data in three-dimensions (3D) [2, 3] . This requires both a method for manufacturing a volumetric medium and a method for accessing and localizing data within the 3D volume. BR discs have been developed that utilize several layers, but the active layer structure requires both organic and inorganic materials as well as a tracking feature on each layer. It is found that the manufacturing yield drops quickly, practically limiting the number of layers to three [4] . As a result, the recently announced Archival Disc is a two-sided, three-layer disc [5] . There is recent interest in super multilayer media having many more layers, but new tracking methods are still being developed [4] . Organic materials are also popular media for 3D ODS, but these lms are usually homogenous or involve successive spin-coating steps [6, 7] .
The writing method for 3D ODS typically utilizes nonlinear processes, such as two-photon absorption [8] [9] [10] , to con ne the bits volumetrically. However, nonlinear responses are usually weak and pulsed lasers would be expensive and dangerous to incorporate into a commercial product. For these reasons, viable 3D ODS media has been di cult to commercialize. Holographic media have also been investigated, but complex and expensive drives and materials have so far prevented their commercialization [11] .
Here we report on a roll-to-roll method of fabricating a multilayer (ML) organic lm suitable for 3D ODS, and a nonlinear writing process using a modulated continuous wave (CW) laser. The media is made using polymer coextrusion, which is inexpensive and can produce dozens of writable layers at low cost in large area lms. The writing process uses a photothermal uorescence (FL) bleaching of a single organic dye, which is a threshold, nonlinear process and is suitable for incorporation into the coextrusion process. These results allow for a high capacity and inexpensive 3D ODS medium using 405 nm BR optics.
Experimental Procedures
Co-extrusion. The rst set of experiments involve investigating the use of co-extruded ML polymer lms as an ODS medium. The storage medium consisted of alternating layers poly(ethylene terephthalate glycol) (PETG) and poly(vinylidene uoride) (PVDF), in an ABAB structure. The PETG layers were 300 nm thick and doped with 2 wt.% of an organic FL dye. These act as the active layers where data is stored. The PVDF layers were 3 µm thick and act as bu er layers, which space out the active layers and prevent dye di usion during processing. The dye was 1,4-bis(acyano-4-octadecyloxystyryl)-2,5-dimethoxybenzene (C18-RG) [12] , and is soluble only in the PETG.
The lm was fabricated using polymer co-extrusion and is detailed elsewhere [13] . In brief, the PETG/C18-RG blend and PVDF were loaded into separate hoppers and heated to 230°C where the polymers have matching viscosities in the melt. They were pumped through a feedblock producing 1 bilayer, and then through 5 successive layer multipliers. This produced a lm of 64 layers (32 of each polymer) and total thickness of approximately 200 µm. A picture of a few hundred meters of the lm roll is shown in Figure 1a .
Data were written by photobleaching the dye, resulting in a permanent reduction of the FL. An Olympus FV1000 scanning laser confocal microscope was used, and a CW 405 nm laser was focused into the lm using an Olympus M Plan apochromatic, 100x, 1.4 NA oil-immersed objective. The data consisted of recording unique images in the top 23 layers, one above the other, by scanning the laser beam along a customized path at a rate of 75 nm/ms. The writing intensity in the layer plane was varied from 1.0 mW/µm (topmost) to 1.5 mW/µm (lowest layer). The reading was performed in the same setup, except at a faster rate and reduced power (0.01 mW/µm at 5 µm/ms) to avoid destructive read-out. The number of layers was limited by the particular short-working distance microscope lens.
Polymer thin lms. A second set of experiments involve exploring the photophysics of the writing process. These were performed with single thin lms of dye-doped poly(styrene-co-acrylonitrile) (SAN25) spun coat on glass, instead of co-extruded lms, to simplify the optical setups and sample processing. SAN25 is used in place of PETG as the host polymer because not all the studied dyes are soluble in PETG, and larger loadings are possible in SAN25. Note that all the materials used are co-extrudable. Intead of C18-RG, a range of di erent dyes was used. This is because it was found that C18-RG is less photostable than other dyes, and importantly, its energy levels and transition rates are not well studied, which could complicate the interpretation of the photophysics. These other dyes are Rhodamine 6G (R6G), perylene orange (PO), and 4-(4- The polymer thin lms were made by dissolving the dye in a solution of SAN25 and γ-butryolactone. The polymer was at a concentration of 10 wt.% and the dye at about 1-2 wt.% relative to the polymer (depending on the desired molar concentration). Films were spun coat on glass slides at 1000 rpm for 60s, and then dried at 80°C for one hour. This yielded lms between 500 -700 nm thick.
Writing and reading data on thin lms. The bleaching behavior of the di erent thin lm samples was investigated by writing a series of single spots using a custom optical setup. This recording system consisted of a CW laser focused using a high NA objective. Either a 405 nm, 300 mW laser (Omicron PhoxX) or 488 nm, 200 mW laser (Omicron LuxX) was used, as explained below. The lasers could be externally modulated with a National Instruments DAQ card down to 20 ns pulses. This setup produced much shorter writing pulses at higher intensity than was possible in the Olympus confocal. The objective was a Leica HCX Plan Fluotar, 100x, 0.90NA objective, producing a laser spot with a FWHM of about 580 nm. The spots were read in a Leica SP scanning confocal microscope using a 488 nm laser and an ACS apochromatic 1.4NA oil-immersed objective. The bleaching magnitude for any given dye at a speci c laser power and exposure time was obtained by tting the bleaching pro le to a Gaussian and averaging 10-20 spots over di erent areas and di erent samples.
Solar simulator. The four dyes (PO, TK01093, R6G, and C18-RG) were exposed to a solar simulator to test their low power stability (light fastness). A total of 6 lms of each dye in SAN25 (at 0.022 mM) were spun coat on to glass slides and placed underneath a solar simulator light source (AAA Solo APOLLO from All Real Technology) with the same intensity and approximate spectrum as sunlight on the Earth's surface. They were exposed for up to 12 hours, and one of the samples for each dye removed approximately every 2 hours. The transmission of the samples before and after exposure were measured. All samples were on a thermoelectric stage to keep their temperature at 25°C.
Absorption/Fluorescence. For all dyes, the absorption spectra were measured with a Cary 500 spectrophotometer, and the FL spectra were measured with a Horiba FluorLog spectro uorometer. The absorption and FL of all 4 dyes are shown in Figure 2 . 
Writing in ML Films
The images written in 23 layers of the ML lm are shown in Figure 3 . These are false color images of the FL of each layer, with regions of darker black color indicative of the reduced FL after writing. Each square corresponds to an area of about 400 µm . Primarily, this demonstrates the ability to record distinct data in 23 layers, and the viability of these co-extruded lms for 3D ODS. Note that there is no evidence of cross-talk (shadow images) between neighboring layers.
An important parameter for applicability of the lm is the lifetime of the data in a write-once-read-many (WORM) format, particularly since archival operations are a primary commercial target for ODS. While there exist standard testing procedures for commercial discs, we show here a more direct study on the long-term lifetime of the data. Single spots were written in a ML lm, and each year for the past 4 years the spots have been re-examined in the Olympus confocal microscope. In the interim, the sample is kept on a shelf under normal o ce conditions. Importantly, the exact same confocal parameters were used to read every year, including laser power, detector gain, scan rate, number of pixels, position of the sample. The prole of a spot, written in 2011, and read every year since, is shown in Figure 4 . The spot shows no change in width or bleaching contrast, indicating that there is no dye di usion or excess degradation of the dye. Note that the background bleaching level for all measurements is always normalized to 1, so that any background bleaching of the lm is not obvious from this measurement. However, no change in amount of background is observed within the few percent uncertainty of the measurement. This background bleaching is likely reduced by the lack of strong UV lines in the uorescent room lights. However, the bleaching of the bit relative to the background has not changed, which would be the parameter measured during commercial read operations.
At the scan rate used for the data in Fig. 3 , it takes a about 10 ms for the laser to move about one beam diameter, which is limited by the confocal microscope galvo mirrors and the available laser power. This is an unreasonably long writing time for ODS applications, but also at these long exposure times the bleaching increases linearly with the power . This will lead to a slow overall bleaching of the lm as low intensity, out-of-focus light bleaches layers outside the intended writing layer (cross-talk). This will place limits on the number of layers that can be written before the lms becomes unusable [13] . The nature of this bleaching is discussed further in the next section. Figure 5a highlights the exposure dependence of the bleaching for single lms of R6G. This graph plots bleaching versus exposure time as uence is kept constant (as the Figure 4 : Pro le of a bleached spot in the ML lm. The black curve was taken immediately after writing the spot, and the cyan curve was taken 4 years after writing the spot, indicating that no change in the bit contrast or size has occurred over this time period.
Nonlinear Bleaching
time is decreased the power is increased to compensate). For times longer than a few microseconds, the bleaching is relatively constant. This is because the increase in power compensates precisely for the decrease in time [14] . Thus, the bleaching level must be proportional to the uence, the product of the power and time, and so is linear in the power. As the time drops below 1 µs, the bleaching actually begins to rise. This indicates that the increased powers actually over-compensate for the decreased time, and the bleaching rate actually accelerates, allowing more bleaching to be achieved in a shorter time. Thus, there is a nonlinear dependence on the power for sub-µs writing times.
When writing co-extruded lms in the mW-range, the exposure time per bit is approximately 10 ms. However, these experiments show that in a custom optical setup with a factor of 100 more power, the writing time can be reduced by more than a factor of 1000, to below 1 µs, which is required for any commercial applications.
More explicitly, the bleaching dependence on power for di erent exposure times is shown in Figure 5b . For the 200 ns exposure times, the bleaching is obviously nonlinearly dependent on laser intensity, and there is a threshold intensity at which the rate of bleaching increases. The e ect is more dramatic for the 200 ns exposure time than the 2 µs exposure time. This shows that it is possible to reduce the slow bleaching during writing using sub-µs exposures, which helps to eliminate cross-talk and improves the overall time to write the entire lm.
Note that the laser wavelength, power, and exposure times needed to write bits are very similar to those in a Bluray TM writer, and so the necessary recording system for a commercial application would be based on this existing technology. The lenses would need to be designed to minimize spherical aberration, and the reading system needs to be based on uorescence and not re ection. Design of a su cient optical read/write system is underway. The linear bleaching for exposure times of milliseconds or longer arises from a photochemical reaction of oxygen with the triplet state of the dye [15] . After linear absorption of a single photon, the excited state of the dye will transition to the triplet state, and in R6G, this takes about 1 µs. The nonlinear bleaching for shorter exposure times is unlikely to be the same photochemical process given this 1 µs time scale. The physical nature of this nonlinear bleaching process is explored below.
Discussion of Writing Mechanism
If the photochemical bleaching from the triplet state is suppressed for exposure times shorter than about 1 µs, then there must another mechanism that bleaches the dye. Given the relatively large intensities, it is hypothesized that this is a photothermal process. One method to test this is using samples with di erent concentrations, shown in Figure 6 . As the dye concentration changes, the amount of light absorbed and deposited as heat will change as well, but photochemical process should not depend on the concentration. The data in Fig. 6 show that compared to samples with 1.0 wt% R6G, the 0.5 wt% and 0.1 wt% samples exhibit much less bleaching. This indicates that the bleaching of any one dye molecule is dependent on the presence of neighboring dye molecules. This can be achieved by thermal e ects, since the heat generated by one molecule will di use outward to a ect others.
Another method to con rm a photothermal bleaching is to determine the temperature rise during writing and correlate it with the bleaching. However, given the small size of the writing area, it can be di cult to measure the temperature directly, so instead, the temperature is estimated using COMSOL simulations. The details of the simulation are given in reference 16, but in brief, a block of polymer with the dimensions and thermal properties of the R6G/SAN25 thin lm was created in COMSOL and the focused laser beam used a heat source. The absorption of the lm, thermal properties of the polymer, and beam properties were used as the inputs. The simulation was run for a time equal to the exposure time, and the max temperature rise inside the lm at the end of the run was determined. In this way, the bleaching vs. time in Fig. 5b was converted to bleaching vs. temperature.
These experiments were performed not just for R6G, but also two other dyes: PO and TK01093. PO is reportedly very photostable [17] , and TK01093 is a custom dye that has been used in the past for single molecule FL studies [18] . Empirically, it seems to have a moderate amount of stability. The dye used in the ML lm studies shown in Fig. 3 , C18-RG, was not further explored because it has poor photostability under repeated low power exposure, compared to the other dyes (vide infra, Fig. 8 ). The studies of multiple dyes may help to elucidate the mechanisms of this non-linear, sub-us bleaching.
These three dyes do not have strong absorption at 405 nm, so instead a 488 nm CW laser was used to write. Spots were written at various exposure times and powers, the resulting bleaching vs. theoretical temperature rise are shown in Figure 7 for samples with a 0.044 mM concentration.
There are a variety of di erent intensities and exposure times used, between 10 and 90 MW/cm and 300-700 ns, for R6G, PO, and TK01093. However, all of the data points fall on essentially a single curve when plotted vs. temperature, with the same threshold temperature for bleaching of around 700 K. This is strong support for the hypothesis that photothermal e ects cause the nonlinear bleaching. Furthermore, 700 K is around the degradation temperature of the dye/polymer system as determined from TGA. It was found, using atomic force microscopy that the bleached spot in spun-coat lms is associated with the formation of small pits, either from photothermal ab- This thermal process applies to writing data, but these dyes will still degrade during repeated low power readings or storage under room lights due to the usual chemical bleaching reactions. To quantify the long exposure, low power stability, an accelerated test at 1 sun solar exposure for 12 hours was performed on each sample (SAN25 polymer containing either R6G, PO, TK01093, or C18-RG). The transmission of the samples over this time is plotted in Figure 8 . The central absorption peak of C18-RG is almost completely bleached away after 12 hours, the peak transmission of TK01093 changes by about 15%, R6G by about 10%, and PO by less than 10%. More detailed studies involving a di erent intensities, times, and sample temperatures are underway to provide a more accurate estimate of the shelf life.
These data can guide the choice of an optimal dye for ODS, which would be easily writable and have good stability during low intensity, reading exposures. However, data can be written in any dye provided su cient laser power is available to reach the required temperature, and so choosing an optimal dye would primarily involve testing the reading stability. Essentially, reading and writing can be optimized independently because the reading stability is due photochemical processes, but the writing stability is due to photothermal processes. For the 4 dyes studied here, C18-RG has the largest extinction coe cient at 405 nm, meaning a low laser power would be needed to achieve the required temperature, but it also has the worst long term stability. PO has the second largest extinction coe cient and the best long-term stability, so it would be the optimal dye to use for ODS. All of the dyes studied here have absorption peaks closer to the visible than 405 nm, and so dyes with higher extinction coe cients at 405 nm that exhibit low power stability are under investigation.
Conclusions
We have described a method for producing high capacity optical discs based on a roll-to-roll co-extrusion process that produces many layers all at once, and that promises a low-cost ODS technology. We have shown that data can be imparted by a photo-induced thermal process that modulates a FL dye contained in the active layers of the ML medium. The process involves only a modulated CW laser and linear absorption. With su ciently short exposure time and high power, chemical bleaching methods are suppressed and the FL is modulated by the large induced temperature. This results in a threshold writing process with short pulses. A threshold process is very important for ODS as it reduces crosstalk between layers allowing more layers to be written. In addition, a threshold process allows for writing below the di raction limit as, when just above threshold, only the central peak of the laser pulse will bleach the dye. This temperature threshold is the same for all dyes studied so far. It was found that photothermallyinduced ablation results in conical pits in the spun-coat lm. Studies are underway to further characterize the writing process in co-extruded lms. The writing process allows for the implementation of a traditional thermal-based writing similar to commercial phase change media, but in an all-organic, inexpensive, 3D medium.
